Background. Rituximab is becoming increasingly utilized in renal transplant recipients; however, its association with infections remains unclear. Methods. We reviewed the incidence of viral and fungal infections in kidney transplant recipients treated with ( = 55) or without ( = 386) rituximab (RTX) in addition to standard immunosuppression. Results. Infections occurred in 134 (30%) patients, with a greater proportion in RTX versus no RTX patients (47% versus 28%; = 0.005). Viral infections occurred in 44% and 27% of RTX and no RTX patients, respectively ( = 0.012). This was largely driven by the frequency of BK viremia and noncytomegalovirus/non-BK viruses in RTX patients (27% versus 13% ( = 0.011) and 15% versus 2% ( < 0.001), resp.). Fungal infections also occurred more often in RTX patients (11% versus 3 %; = 0.009). Multivariate analysis revealed deceased donor recipient (odds ratio = 2.5; < 0.001) and rituximab exposure (odds ratio = 2.2; = 0.016) as independent risk factors for infection. Older patients, deceased donor recipients, those on dialysis longer, and those with delayed graft function tended to be at a greater risk for infections following rituximab. Conclusions. Rituximab is associated with an increased incidence of viral and fungal infections in kidney transplantation. Additional preventative measures and/or monitoring infectious complications may be warranted in those receiving rituximab.
Introduction
The anti-CD20 monoclonal antibody rituximab (RTX) has become a more widely utilized therapy in the renal transplant population. RTX use has expanded from treatment of posttransplant lymphoproliferative disease to facilitation of ABO-incompatible transplantation, reduction of human leukocyte antigen (HLA) antibodies in highly sensitized patients, treatment of antibody mediated rejection (AMR), and treatment of recurrent and de novo renal diseases [1] [2] [3] [4] . Each of these conditions represents a significant challenge in renal transplantation by which B-cell depletion with RTX may represent a promising intervention.
It is well known that, with more potent immune suppression, the risk of infectious complications after transplant increases. T-lymphocyte depleting preparations in particular have been associated with an increased risk, as opposed to nonlymphocyte depleting agents which demonstrated similar infectious risks when compared to placebo [5, 6] . RTX has generally been considered to have an acceptable safety profile in hematological and autoimmune disorders; however, whether it can be used without an increased risk of infectious complications remains controversial in the immunosuppressed population [3, [7] [8] [9] [10] [11] [12] [13] [14] .
The purpose of the current study was to compare the incidence and type of viral and fungal infections in a consecutive group of kidney transplant patients receiving RTX in addition to standard immunosuppressive therapies to patients not exposed to RTX. Risk factors and time to develop infection are also examined. This study characterizes 2 ISRN Transplantation a large series of patients receiving a similar maintenance immunosuppression, a uniform prophylaxis regimen, and routine posttransplant screening for BK and cytomegalovirus (CMV) replication.
Materials and Methods
This was a retrospective, observational study of consecutive adult kidney-alone and combined kidney-pancreas recipients transplanted at a single center between January 2007 and July 2010. Patients experiencing graft loss in the first month and subjects who did not receive antibody induction therapies perioperatively were excluded. The study was approved by The Methodist Hospital Institutional Review Board.
Choice of antibody induction was determined by the center's immunologic risk-based protocol. Low-risk patients, defined as non-African American patients with panel reactive antibody (PRA) less than 20%, received interleukin-2 receptor antagonist (IL2ra) therapy with either daclizumab (Zenapax, Roche, Nutley, NJ, USA) 2 mg/kg IV or basiliximab (Simulect, Novartis, East Hanover, NJ, USA) 20 mg IV, on post-operative days 0 and 3; high-risk patients, defined as African Americans, patients with PRA>20%, repeat transplants, and combined kidney-pancreas recipients, received anti-thymocyte globulin [ATG; (Thymoglobulin, Genzyme, Boston, MA)] 1.5 mg/kg/dose for 3-5 doses beginning intraoperatively. Dosages were adjusted in accordance with the product's prescribing information [15] . Patients with HLA antibodies against their donor received perioperative RTX (Rituxan, Genentech, San Francisco, CA, USA) as a part of a desensitization strategy in conjunction with ATG induction. When used for desensitization, RTX was administered as a 1000 mg dose. Patients with a historical positive cytotoxic crossmatch due to donor specific antibodies (DSA) also received IV immunoglobulin (IVIG) and therapeutic plasmapheresis in addition to RTX. Due to the long half-life and pharmacodynamic effects in patients with end stage renal disease [16, 17] , patients receiving RTX for desensitization prior to transplantation were also included in this study. Indications for posttransplant administration of antibodies included biopsy-proven cellular rejection (Banff score > 1a) for ATG, and AMR, DSA development, and glomerulopathies for RTX.
Maintenance immunosuppression consisted of tacrolimus, mycophenolate mofetil, and prednisone. IV methylprednisolone was given intraoperatively and tapered to an oral prednisone dosage of 5-10 mg daily by POD 60. Mycophenolate mofetil was administered at a goal dose of 2 grams/day. Tacrolimus trough levels were maintained at 8-12 ng/mL for the first 6 months and 5-10 ng/mL thereafter.
Infection prophylaxis was administered following transplantation and treatment of rejections. This included clotrimazole four times daily for 1 month, sulfamethoxazoletrimethoprim single strength daily (or inhaled pentamidine for sulfa-allergic patients) for 6-12 months, and valcyte 450 mg daily for 3 months in nonhigh risk CMV transplants, and 6 months in high-risk (i.e., D+/R−) recipients. Pancreas recipients received 1 month of fluconazole 200 mg daily instead of clotrimazole following transplantation. Routine CMV and BK polymerase chain reaction (PCR) screening was employed at 1, 3, 6, 9, and 12 months and then every 6 months after transplant and whenever clinically warranted.
The primary endpoint of the study was the incidence of viral and fungal infections among RTX-treated patients (RTX group) compared to patients not exposed to RTX (no RTX). Only infectious complications occurring after the antibody exposure were included in the analysis. The following infections were included in the analysis: (1) CMV infection: defined as a detectable viral load in plasma (>300 copies/mL) measured by PCR and/or viral inclusions on histopathologic specimens, in combination with compatible symptoms; (2) BK virus infection: defined as detectable BK viral DNA in plasma (>750 copies/mL) in two consecutive measurements. All BK-viremic patients underwent protocol biopsy for presence of nephropathy; (3) "other" viral infections: defined as viral infections other than CMV or BK diagnosed by serologic testing, quantitative viral load measurements, and histopathologic assessment in conjunction with attributable signs and symptoms; and (4) fungal infections: defined as any positive fungal culture or staining of biopsy material, excluding oral candidiasis. Secondary endpoints included the incidence and types of specific infections, time to infection, and subgroup analyses based on IVIG administration and retransplantation status.
Continuous variables including recipient age, peak PRA, cumulative ATG dosages, and total number of infections per patient were compared using Student's t-tests. Gender, race, presence of diabetes, donor type, history of prior transplant, high-risk CMV status, immunosuppressive type, and incidence of infections were compared using chi-squared or Fisher's exact test. Due to the difference in sample sizes, categorical variables listed in Tables Tables 1-3 are shown as % (n). A univariate analysis of risk factors for infection was performed, and those factors with a value of less than 0.2 were included in a nominal logistic multivariate analysis. Statistical analysis was performed using JMP version 7.0 (SAS Institute, Cary, NC, USA).
Results
A total of 453 kidney-only or kidney-pancreas transplants were performed during the study period. Seven patients were excluded for not receiving the antibody therapies at the time of transplantation, and 5 were excluded for graft loss within the first month. Characteristics of the remaining 441 patients included a mean age of 48±14 years, 59% male, 61% deceased donor, and 43% Caucasian. Diabetes (30%) and hypertension (23%) were the leading causes of end stage renal disease. Fiftyfive patients comprised the RTX group. Median followup for the entire cohort was 31 months (range from 3 to 56), with no difference in mean followup between groups. Major differences between the groups were driven by our desensitization protocol in which there was a predominance of Caucasian living donor transplant recipients, highly sensitized patients, and patients receiving a repeat transplant (Table 1) . A significantly greater percentage of RTX patients received perioperative IVIG and/or ATG as a result of their higher immunologic profile (Table 1 ). There were no differences in tacrolimus trough levels, mycophenolate dosages, or prednisone dosages throughout the study period (data not shown). Rejection episodes, including those requiring treatment with ATG, occurred more frequently in the RTX group, and RTX patients received significantly more ATG post-transplant (Table 2) .
A total of 64 RTX doses were administered to the 55 RTX patients. Indications included desensitization of a living donor recipient ( = 18), rejection ( = 16), desensitization of a deceased donor recipient ( = 15), DSA formation ( = 8), and recurrence of a glomerulopathy ( = 7). Nine patients received a second dose of RTX, and none received more than two. Recurrent diseases for which RTX was administered included focal segmental glomerulosclerosis ( = 3), membranoproliferative glomerulonephritis ( = 2), Wegener's granulomatosis ( = 1), and membranous nephropathy ( = 1). RTX was administered at a median dose of 1000 mg (range from 200 to 1000 mg) or 550 mg/m 2 per dose based on the average body surface area of the cohort. Depending on indication, some RTX dosages were administered concomitantly with additional therapies including ATG (58%), IVIG (47%), and plasmapheresis (23%). All patients receiving plasmapheresis were also administered IVIG. In addition, 2 RTX-treated patients received bortezomib as part of an antirejection regimen. The median and mean times from transplantation to first dose were 2 days (range from −265 to 827) and 99 ± 214 days, respectively.
At least one infection occurred in 134 (30%) of the 441 patients, at a median of 5.1 (range 0.4 to 28.5) months after antibody exposure. The combined incidence of viral and fungal infections was significantly higher in the RTX group than in the no RTX group (47% versus 28%; = 0.005). Viral infections occurred more frequently in the RTX group compared to the no RTX group (44% versus 27%; = 0.012), owing primarily to a higher rate of BK virus and other non-CMV/non-BK viral infections (Figure 1(a) ). Similarly, fungal infections occurred more frequently in the RTX group (11% versus 3%; = 0.008). To determine the rate of infections in patients who did not require additional antirejection therapies, we reviewed the incidence of infections between groups after excluding all patients with rejection ( Figure 1(b) ). This resulted in findings similar to those seen in the entire cohort.
Specific types of viral and fungal infections by group are shown in Table 3 . As previously mentioned, the rate of overall viral infections seen in the RTX group was largely driven by the significantly higher rate of BK viremia and non-CMV/non-BK viruses as compared to the no RTX group (27% versus 13% and 15% versus 2%, resp.; < 0.01). BK nephropathy was diagnosed in 15% of RTX-treated patients compared 4% in the no RTX group ( < 0.001). There was no difference in the rate of CMV between groups. As shown in Figure 2 , most cases of CMV and BK in RTXtreated patients occurred in the first 6 months after antibody exposure, whereas a number of "other" viral and fungal infections occurred after 6 months.
The most common non-CMV/non-BK viral infection was varicella zoster infection, which occurred in 4 RTX patients and 1 no RTX patient. Three RTX patients with viral infections died. These included one case of EBV-associated PTLD (occurring after RTX administration) in a living donor recipient with DSAs, a patient with respiratory syncytial virus (RSV) after receiving RTX for a rejection episode following a second transplant, and a third recipient who developed JC virus-associated progressive multifocal leukoencephalopathy (PML), approximately 30 months after receiving two doses of RTX for a severe renal and pancreas allograft rejection. Fungal infections were more frequent in the RTX group. Of note, several severe fungal infections occurred in the no RTX group, including cases of pulmonary aspergillus (4), cryptococcal meningitis (3), mucormycosis (1), gastrointestinal invasive candidiasis (1), and candidal brain abscess (1) . One patient with HCV had concurrent aspergillus and cryptococcal infections. Each patient with aspergillus and/or cryptococcal infection was treated successfully and is alive to date; however, deaths ultimately occurred in the patients with Mucor (patient with HCV, diabetes, and ATG induction), invasive candidiasis (previous liver transplant recipient with small bowel infarct shortly after transplant), and the candidal brain abscess (62-year-old male with diabetes and ATG induction). Among RTX-treated patients, one episode of candidemia occurred, which was successfully treated, and one case of nonaspergillus mould pneumonia occurred in a previous kidney-pancreas recipient who eventually succumbed to respiratory failure. This patient had received ATG and RTX for antibody-mediated rejection one year prior. Univariate and multivariate analyses of factors associated with the development of infection posttransplant are shown in Table 4 . Recipients of deceased donor transplants and RTX-treated patients were independently associated with development of infections, with odds ratios of 2.5 and 2.2, respectively. Among the 55 RTX-treated patients, a univariate analysis of risk factors for infection was performed (not shown). No significant risk factors for infection among rituximab treated patients were identified, although several factors approached significance. Patients developing infection tended to be older (51 versus 44 yrs; = 0.06), deceased donor recipients (57% versus 36% for living donors recipients; = 0.12), on dialysis for a greater duration pretransplant (4.3 versus 2.2 years; = 0.07), and more likely to have delayed graft function (80% versus 43% in those with immediate function = 0.10).
In considering a potential immune-protective effect of IVIG, we compared the incidence of infections in RTX patients according to concomitant IVIG use. There was no difference in the rate of infection among the 26 patients receiving IVIG to those not receiving IVIG (50% versus 45%; = 0.72). Additionally, there may be a concern that the patients receiving RTX for retransplantation may be at greater risk for infection due to long-standing immunosuppression. We therefore compared the incidence of infections in patients undergoing retransplant without exposure to RTX ( = 27) to patients receiving RTX with a primary transplant ( = 42). Infections occurred in 26% of the retransplanted patients without RTX versus 49% of patients receiving RTX with a primary transplant ( = 0.06).
Discussion
Over the past decade, RTX use has expanded in renal transplantation, particularly in the settings of desensitization, antibody-mediated rejection, and treatment of glomerulopathies. The safety profile of RTX in this population remains unclear, however, with conflicting data on its association with infectious complications [3, [7] [8] [9] [10] [11] [12] [13] [14] . This study of 55 kidney transplant patients treated with RTX for its common peri-and posttransplant indications favors an association an increased risk of infections with RTX.
Through routine posttransplant BK screening and protocol biopsies, we observed a significantly greater incidence of both BK viremia and nephropathy among RTX-treated patients. Previously, Kamar et al. noted that BK virus was the most common virus detected in RTX-treated patients [8] , and Habicht et al. found a nonsignificantly higher rate of BK in ABO-incompatible recipients administered RTX [11] . The rates of BK viremia and nephropathy in our cohort are congruent with rates previously reported in the renal transplant population [18] [19] [20] [21] . However, viremia and nephropathy occurred 2-3x more often in the RTX cohort. Similarly, an increased rate of "other" viral infections (non-CMV and non-BK related) was also noted. Varicella zoster infection occurred in 4 of 55 RTX patients compared to 1 in 386 no RTX patients. Zoster infections have been reported in other series of RTX-treated patients [11] and were even fatal in some cases [22, 23] . While none of our zoster cases suffered such fate, 3 deaths occurred among RTX patients owing to EBV-associated PTLD, RSV, and JCV-associated PML. Interestingly, we found no difference in the rate of CMV between groups. This may be due to the routine use of valganciclovir prophylaxis following acute rejection treatments.
A significantly higher incidence of fungal infections was noted in the RTX group, a similar finding albeit at a lower rate than Kamar's report (17%) [8] . In contrast to their results, however, the severity of fungal infections tended to be less in our RTX patients. All severe fungal infections, including cases of aspergillosis or cryptococcal meningitis, occurred in the no RTX group. This may have been due to the baseline characteristics of these patients, with the use of antithymocyte globulin, diabetes history, and chronic hepatitis C infection being common amongst these cases. Each case of aspergillus and cryptococcal meningitis was successfully treated.
Finally, a surprising observation in this study was the timing of infection, with a number of infections developing late (beyond 6 months) after RTX exposure. This data indicates that perhaps prophylaxis and/or close monitoring for opportunistic infections should continue for an extended period after RTX administration.
Several possible mechanisms exist for our findings. RTX may induce hypogammaglobulinemia [24, 25] which has been associated with infections in solid organ transplant populations [26] . While IgG monitoring was not routinely performed in our cohorts it is plausible that depletion of BK or other viral-specific IgG, may have occurred. Previous data demonstrated that low BK virus IgG levels correlated with a higher degree of BK replication [27] . BK and other non-CMV viral infections seen in our cohort either lacked prophylactic strategies (i.e., JC virus, RSV) or occurred late (>6 months) after RTX exposure, making prevention and/or monitoring for these infections difficult. RTX may have longterm effects on B-cell depletion, especially in the setting of renal dysfunction [16, 17] . This may account for some of the late onset infections seen in our cohort. Furthermore, as B-cells are known antigen-presenting cells, depletion of Bcells may hinder virus-specific T-cell responses and immune responses to fungal pathogens.
The role of concomitant immunosuppressive therapies should be appreciated. While we observed no differences in maintenance immunosuppressive drug levels or dosages, we did observe a higher cumulative amount of ATG given to the RTX-treated patients. To eliminate the influence of augmented immunosuppression with rejection therapies, we evaluated the incidence of viral and fungal infections in patients without any rejections. The results were similar to the cohort as a whole, suggesting that even when used without additional augmented immunosuppression, RTX may still promote the development of infections.
This study has several limitations, most of which relate to its retrospective nature. Without the use of a randomized, prospective design, it is difficult to clearly ascertain the risk of one antibody agent over another. As mentioned previously, IgG levels were not checked, and therefore the contribution of hypogammaglobulinemia could not be assessed. In our population, we did not observe a "protective effect" of IVIG, perhaps owing to the prolonged hypogammaglobulinemic effects observed with RTX [24, 25] . Finally, our sample size was not large enough to determine statistically significant risks for infection among the RTX-treated cohort, although trends were seen in those who were older, on dialysis longer, deceased donor transplants, and those with DGF.
In conclusion, we found a significantly higher rate of viral and fungal infections in patients treated with RTX. Most infections observed were those for which established prophylactic strategies do not exist, and some may occur late after rituximab exposure. Close monitoring for infections and expanded use of prophylactic strategies should be considered in patients receiving RTX.
